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Abstract 
The intergranular fracture promoted by hydrogen ingress in the material depends on densities and organizations of defects near 
grain boundaries. Particularly, we illustrate first the relation between the grain boundary character and the different defects and 
trapping sites stored, and their consequences on hydrogen transport and segregation. High-angle Random boundaries (R) are
considered as a disorganized phase where the hydrogen diffusion is accelerated, while the Special boundaries (Coincident Site 
Lattice, CSL) constitute a potential zone for hydrogen trapping due to the high density of trapping sites as dislocations and
vacancies. The predominance of one phenomenon depends on several parameters, such as the grain size, the probability of grain 
boundaries connectivity, the grain boundaries energy and the excess of free volume. Additionally, our experiments confirm that 
hydrogen promotes vacancies formation, probably in grain boundaries. In a second part, we have explored the role of the 
Random grain boundaries on damage assisted by hydrogen. Tensile strengthening is reduced under hydrogen flux when the 
fraction of random grain boundaries increases. These results support the idea that hydrogen flux promotes intergranular fracture 
more than the hydrogen concentration. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of 
Structural Engineering. 
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1. Introduction 
Several studies have pointed out that hydrogen alone or not can cause intergranular embrittlement (IGE) in 
polycrystalline metals and alloys (Lassila et al.  1986,1988, Kimura et al.  1988, Bechtle et al.  2009, Martin et al.  
2012, Oudriss et al.  2012). Despite this fact, it has been emphasized by Watanabe et al. (1999) that intergranular 
brittleness remains a serious problem of material processing and development. In order ot overcome this problem, an 
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attractive concept of Grain Boundary Engineering was introduced and reviewed by Watanabe (2011). The main 
objective is to optimize the grain boundary character and distribution to enhance the resistance to inter-granular 
embrittlement. Following this approach, Bechtle et al. (2009) have reduced the severity of intergranular hydrogen 
embrittlement by “designing microstructures” of nickel with a high density of CSL grain-boundaries (63n). 
However, it was emphasized by Birnbaum and coworker that the degree of intergranular failure in nickel was 
dependent on the hydrogen concentration (Lassila et al. 1986, 1988, Kimura et al. 1988). Consequently, the effect of 
increasing the fraction of 63n GBs (CSL) or decreasing of the fraction of random GBs (R) on HE needs to be 
extended to a large range of hydrogen content.  
More recently, Oudriss et al. (2012) works have been devoted to the dependence of hydrogen diffusion on GB 
character. Their results confirm the real role played by the GB character on the hydrogen diffusion and trapping in 
nickel. The hydrogen diffusion along the random GBs is higher than in lattice and CSL GBs are the preferential 
location for hydrogen deep trapping. Thus the high diffusivity of hydrogen in Random GBs can be correlated with 
the fact that the random boundaries may constitute a major cause of HE. To conclude, the diffusible hydrogen seems 
to be the major element which induces intergranular embrittlement, however, the mechanisms which occur remains 
under debate. 
The aim of present work is first to elucidate the impact of random grain-boundaries on hydrogen diffusivity and 
defect productions and secondly to discuss the consequence of hydrogen diffusivity on intergranular embrittlement. 
 
 
2. Material and experimental methods 
Material studied in present work is polycrystalline pure nickel (99.99%) with a large grain size range: from 10 to 
200 μm obtained by thermomechanical processing (Oudriss et al.  2012). The grain orientation and grain-boundary 
character distributions were collected by EBSD analyses using an EDAX/TSL OIM system coupled to a FEI Quanta 
200 ESEMFEG scanning electron microscope. The fraction number of each GBs category are determined for each 
grain size: low-angle grain boundaries 61, the special GBs or coincident sites lattice CSL (6 < 29) corresponding to 
the 63n  (63, 69 and 627) in nickel and random GBs (6 > 29) (Oudriss et al.  2012a). 
The experimental procedure for Electrochemical Permeation (EP) tests is detailed in previous works (Frappart 
2010, 2011,2012, 2014, Oudriss 2012). EP involves using two cells separated by a nickel membrane. The detection 
side (exit side) of the sample is potentiostatically maintained at a constant anodic potential of 630 mV/SSE in 0.1 M 
NaOH (pH=13). The cathodic side (entry side) of the specimen is galvanostatically polarized at a constant cathodic 
charging current density of 20 mA/cm2 in 0.1 M NaOH (pH=13). The temperature is maintained at 298 K and both 
solutions are continuously deaerated by argon at 1.4 bar. Our experimental procedure consists of two steps: 
hydrogen charging up to a steady state, followed by a desorption step of hydrogen without any charging conditions. 
The detail of the method can be checked on specific publications of our group (Frappart et al. 2010, 2011,2012,2014, 
Oudriss et al. 2012). This one allows to determine specially the effective diffusion coefficient associated with 
diffusive hydrogen Deff, the apparent solubility CH and the amount of deep trap sites NT. The last parameter offer the 
opportunity to evaluate the density of vacancies associated with hydrogen. This value was validated by DSC 
(Differential Scanning Calorimetry) measurements on hydrogen charged samples (Oudriss et al. 2012). 
The tensile tests were performed on an Instron™ set-up until fracture, with strain rates set to 10-4 s-1. Before the 
tensile tests, the specimen were pre-charged in hydrogen through cathodic charging using a deaerated molten salt 
bath (eutectic {NaHSO4,H2O} : KHSO4 = 53.5 : 46.5 %), at 423K for a duration from 3h under a polarization of - 
600mV/SSH. The average content of hydrogen is around 100 ppm at. 
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3. Results and discussion 
The main goals of this study will be presented in two parts. First we illustrate the impact of the GBs character on 
hydrogen solubility and diffusivity. In a second part, we discuss the effects of diffusive hydrogen on the loss of 
ductility and inter-granular hydrogen embrittlement. 
 
3.1. Impact of the GBs character on the hydrogen diffusion and trapping 
First we focus our interest on possible correlations between the GBs character evolution as a function of grain 
size and hydrogen solubility and diffusivity. The effect of fR on hydrogen diffusivity is illustrated on figure 1a. In 
addition, the fraction of random GBs, fR increases as a function of the decrease of grains size (figure 2a). The 
effective diffusion coefficient, Deff increases as a function of the increase of the fraction of random GBs, fR. 
Moreover, the connectivity of random GBs is higher than 80% (Oudriss et al. 2012). As previously demonstrated, 
random GBs networks seem to be preferential short-circuit pathways for the diffusion of hydrogen (Oudriss et al. 
2012). Focusing on the apparent hydrogen concentration in the specimen charged under identical conditions (peut-
on parler de concentration constant par ex??), it is shown fig.1.b that the higher fR is the more CH increases. Thereby 
a large part of mobile hydrogen might be located around random GBs. The result cannot be only interpreted by the 
fact that the free volume of this kind of GBs is greater than for other GBs types. The figure 1b demonstrates that the 
vacancies concentration increases also as a function of both the hydrogen content and the fraction of random GBs. 
This suggests that the  diffusive hydrogen promote the formation and stabilization of vacancies and/or vacancies-
hydrogen clusters around random GBs. The orders of magnitude of vacancies concentration are very high, given that 
the vacancy concentration in the metal at melting temperature is about 10-3–10-4 [V/M]. At room temperature the 
material contains a low vacancy concentration before hydrogen charging. The GBs, and more specifically the CSL 
networks, constitute the main source of these ‘genuine’ vacancies. However, according to several studies (Fukai et 
al. 2005, Oudriss et al. 2012), hydrogen charging may favor the formation of vacancy “clusters” (Vac–H) located in 
place where hydrogen content is high: in our case, random GBs. 
The possible impact on intergranular fracture is now questioned. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Effective diffusion coefficient Deff  versus the fraction of the random GBs, fR. (b) Apparent hydrogen solubility and vacancies 
concentration versus the fraction of the random GBs, fR. 
 
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
fR
CV [V/Ni]
CH [H/Ni]
1.E-14
1.E-13
1.E-12
1.E-11
1.E-10
0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
Deff (m2/s)
fR
2033 A. Oudriss et al. /  Procedia Materials Science  3 ( 2014 )  2030 – 2034 
3.2. Some consequences of  hydrogen diffusivity on nickel ductility 
The main macroscopic parameter affected by hydrogen is the ductility, which loss (A%) is characterized by a 
ratio A%(H) / A% lower than 1 (figure 2a). A good correlation between the increase of the random GBs fraction and 
the decrease of the ductility ratio is obtained when the grain size decreases (figure 2a). This result confirms the fact 
that the fraction of random GBs is the main metallurgical factor which affects HE in quasi pure nickel. In the grain 
size range studied (10 to 200 μm) and hydrogen content of 120 ppm at., the fracture is brittle andpurely inter-
granular (figure 3). Consequently, the more appropriate model of HE in the framework of this study seems to be a 
physical mechanism based on the lowering of the cohesive energy of the interface (grain boundary cohesion) of the 
metal due to hydrogen segregation (HEDE: Hydrogen-Enhanced-Decohesion). Using a compilation of data, we 
show the evolution of the ductility ratio as a function of hydrogen content for two fractions of CSL GBs (figure 2b). 
For both cases we observe two regimes which suggest the occurrence of two mechanisms associated with 
intergranular hydrogen embrittlement. For low content of hydrogen, we suppose that HEDE model is well adapted. 
When hydrogen content increases, the enhancement of vacancies formation by hydrogen solute occurs (SAV: Super-
Abundant Vacancies) and can promote the formation of nano-cavities along grain-boundaries to favor HE. In both 
cases, a possible contribution of mobile dislocations to hydrogen flux towards grain-boundaries cannot be excluded 
from our analyze. The work of Martin et al. (2012) supports this last suggestion. 
 
 
Fig. 2. (a) The fraction of the random GBs, fR. and the ductility ratio A%(H) / A%  versus the grain size. (b) the ductility ratio A%(H) / A%  
versus the hydrogen concentration for two fractions of CSL GBs. 
 
4. Conclusions 
The present work demonstrates that fast diffusion and high solubility of hydrogen can be associated with High-
angle Random boundaries (R). Moreover, our experiments confirm that hydrogen promotes vacancies formation 
probably mainly around R grain-boundaries. Tensile strengthening is reduced under hydrogen flux when the 
proportion of random grain boundaries increases. This result support the idea that hydrogen flux promotes 
intergranular fracture more than the hydrogen concentration. A possible contribution of vacancies on HE has been 
discussed. 
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Fig. 3. Illustrations of surface fractures obtained by SEM (Scanning Electronic Microscopy) after H cathodic charging of the materials for 3h at 
423K: 
(a) grain size equal to 18 μm, (b) grain size equal to 168 μm. 
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